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In hyper-alkaline aqueous solutions, the three-legged stool-like [Sn(OH)3] is the only
hydroxido complex with very short (2.078 A) Sn—O distance.
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Abstract

The identity of the predominating tin(II)-hydroxide complex
formed in hyper-alkaline aqueous solution (0.2 < Cy,oy <12
mol-dm™) has been determined by potentiometric titrations,
Raman, Mdssbauer and XANES spectroscopy, supplemented by
quantum chemical calculations. Thermodynamic studies using a
H,/Pt electrode up to free hydroxide concentrations of 1 mol-dm™
showed the presence of a single monomeric complex with a
tin(Il):hydroxide ratio of 1:3. This observation together with
Raman and  Mdossbauer  spectroscopic
supplemented by quantum mechanical calculations proved that
the predominating complex is [Sn(OH);]", and that the presence
of the other possible complex, [SnO(OH)]", could not be proven
with neither experiments nor simulations. The structure of the
trihydroxidostannate(II) complex, [Sn(OH);]", was determined by
EXAFS and was found to be independent of the applied
hydroxide and tin(Il) concentrations. The mean Sn-O bond
distance is short, 2.078 A, and in very good agreement with the
only structure reported in the solid state. It is also shown that at
pH values above 13 the speciation of the predominating
trihydroxidostannate(II) complex is not affected by the presence
of high concentrations of chloride ions.

measurements

» Introduction

Under hyper-alkaline conditions (pH > 13) in aqueous systems,
many metal ions are able to form mono- and polynuclear
hydroxide complexes,'* which in most cases are different from
those present in weakly acidic, neutral and weakly alkaline
aqueous solution. Crystallization from such solutions often yields
with peculiar local- or nano-structure.**
Knowledge of the structure and dynamics of the solution species
formed under these extreme conditions can be the key to
understand and control a range of aquatic processes as e.g.
industrial and geochemical ones.

Hydrolysis of metal ions, composition, structure and thermodyna-
mics of their hydroxido complexes, is one of the classical topics
of inorganic solution chemistry. Formation constants for a large
variety of hydroxido complexes as well as solubility products of
45 solid metal hydroxides are well known and are collated in various

solid materials
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textbooks and data bases.>® Traditionally, species formed in
aqueous solution in the pH-range 2-12 are normally well
characterized, while the knowledge on the nature of hydroxido-
metallate complexes at the extreme alkaline end of the pH scale is

so scarce due to well-known theoretical as well as practical/technical

difficulties. In spite of these hurdles, the number of publications
dealing with this particular aspect of solution chemistry steadily
increases. For obvious reasons, metal ions with reasonable
solubility, e.g. amphoteric ones, are most intensely studied
including aluminum(IID),”® gallium(IID),'"*"" chromium(III),">"
lead(ID'* and thallium(I).">'® Beside these, data for metal ions
that are hardly soluble at alkaline conditions has also emerged as
fore.g. copper(II),17 iron(II1)'® and the actinides."

In the current paper, the behaviour of the amphoteric tin(Il) ion in
hyper-alkaline aqueous media is in focus. The hydrolysis
properties of tin(Il) in aqueous solution are known with stepwise
formation of hydroxido complexes with the formal compositions
[Sn(OH)]*, [Sn(OH),]° and [Sn(OH);]" at low metal
concentration, while in solutions with higher tin(II) concentra-
tion, polynuclear [Sn,(OH),]** and [Sns(OH),]** complexes have
been observed as well.?>? On the basis of the literature data,”*
the last stepwise hydroxido complex formed in aqueous solution
with tin(Il) has a Sn(I[):OH™ ratio of 1:3. No higher complexes
have been observed from potentiometric measurements up to
0.25 mol-dm™ free hydroxide concentration.® However, it has
been claimed that higher complexes as [Sn(OH),]*", or even
[Sn(OH)e]*, can possibly be formed under strongly alkaline
conditions.**

The main objective of the present work is to reveal the identity
and structure of the tin(Il) complex(es) present in aqueous
solution at pH > 13. Systematic potentiometric pH titrations,
Raman, Mossbauer and XANES spectroscopic measurements on
solutions containing NaOH (0.1 < Cyyon <12 mol-dm™) and
tin(1l) (0.05 - 0.25 mol-dm™) together with quantum chemical
calculations have been performed to identify the
hydroxidostannate(Il) complex(es) predominating in hyper-
alkaline aqueous solution. The structure of this complex has been
revealed by EXAFS. From a practical point of view it is also
important to clarify whether or not chloride as counter ion has

ssany effect on the tin(I) speciation at high hydroxide

concentration.

This journal is © The Royal Society of Chemistry [year]
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Experimental section
Reagents and solutions

Analytical grade sodium hydroxide, NaOH (ANALR
NORMAPUR), or potassium hydroxide, KOH (Reanal), was
dissolved in distilled water under intensive stirring and cooling to
prepare the alkaline stock solutions. The concentration was
calculated from the density of the solutions, determined by a
picnometer, according to literature procedures.”> The carbonate
content was minimized as described elsewhere.”® The stock
solutions were stored in caustic resistant Pyrex bottles with
tightly fitting screw-caps.

The tin(II) containing stock solutions were prepared according to
two routes. For the stock solution with Cg,qpy = 0.5 mol-dm™ and
Coeia = 1 mol-dm?, tin(Il) oxide powder, SnO (Sigma Aldrich),
s was dissolved in oxygen-free atmosphere in dilute analytical
grade hydrochloric or perchloric acid (Sigma Aldrich). The purity
of SnO was checked with powder X-ray diffraction and was
found to contain less than ca. 2% SnO,.

The tin(Il) stock solution for the potentiometric titrations,
Csnap = 0.6 mol-dm™ and Cyg~1.5mol-dm>, was prepared
under oxygen free conditions by dissolving metallic tin (Reanal)
in dilute analytical grade hydrochloric acid. This process took
about four days and during this time the temperature was kept at
323 K under reflux. A practically tin(IV) free solution could be
s prepared in this way as the continuously evolving hydrogen gas
did secure reducing conditions and any further oxidation of
formed tin(II) was not possible. The solution was filtered under
nitrogen atmosphere. The exact concentration of tin(Il) was
determined by the standard iodometric titration procedure, while
the concentration of excess hydrochloric acid was determined by
pH-potentiometric titration with sodium hydroxide.

The alkaline tin(II) solutions for the X-ray absorption, Raman and
"9Sn Mossbauer spectroscopy measurements were prepared in
small Pyrex bottles. A custom-made screw-cap was fabricated
35 with two small holes for the argon gas in- and outlet and a larger
one for the addition of the tin(II) stock solution. The calculated
amount of the freshly prepared tin(Il) stock solution was added
drop-wise to 25 mL of the appropriately diluted NaOH solution
with continuous and intense argon bubbling through the sample
and stirring. The NaOH solutions were diluted by weight from
the concentrated stock solution, and argon gas was bubbled
through it for at least 15 minutes before adding the metal stock
solution.

Potentiometric titrations

s The pH potentiometric titrations were carried out using a
Metrohm 888 Titrando instrument equipped with a H,/Pt
electrode. The experimental protocol used for such measurements
have been described in detail elsewhere.””*® The electrochemical
cell contained a platinized hydrogen electrode and a thermodyna-
mic AglAgCl reference electrode.

H'/H,(Pt) | test sol., I =4 mol-dm (NaCl) 14 mol-dm>NaCl |l
4 mol-dm™NaCl, Ag/AgCl

The behaviour of the electrode was found to be Nernstian, slope:

S

S

the concentration range employed during the measurements. All
the titrations were performed in an externally thermostated home-
made cell where the temperature was kept at 25.00 + 0.04 °C by
circulating water from a Julabo 12 thermostat. The ionic strength
was kept constant, /=4 mol-dm™, with analytical grade NaCl
(Prolabo).

FT-Raman spectroscopy

Raman spectra were recorded on a BIO-RAD Digilab Division
dedicated FT-Raman spectrometer equipped with liquid nitrogen

s cooled germanium detector and CaF, beam-splitter. The

excitation line was provided by a Spectra Physics
T10-106C Nd:YVO, laser at 1064 nm. The spectra were recorded
in the range 3600 — 100 cm™ with 4 cm™ resolution. 4096 scans
were collected and averaged for each spectrum. The excitation
power was 280 mW at the sample. The spectrometer was
controlled by using BIO-RAD Win IR 3.3 software. The samples
were placed in a 1 cm path length quartz cuvette. Spectra were
recorded at room-temperature. Data were processed by the
SpekWin software”, and fitting of the Lorentzian curves were
performed with QtiPlot.*® Attempts to collect FT-IR spectra for
these solutions in ATR mode were unfortunately unsuccessful,
most probably due to insufficient signal-to-noise ratio.

Maossbauer spectroscopy

"19Sn Méssbauer spectra of frozen solutions were recorded with a
conventional Mossbauer spectrometer (Wissel) in transmission
geometry with constant acceleration mode at 78 K in a He-
cryostat cooled by liquid nitrogen with the sample kept in He
atmosphere. The measurements were carried out using a
Ca''”™Sn05 radiation source of 8 mCi activity. 20 um o-Fe was
used for velocity calibration when a >’Co/Rh source supplied the
y-rays, and the isomer shifts are given relative to CaSnO;. All
sample preparation, including also the rapid freezing, was done in
a home-made glove-box to minimize the oxidation of the sample.
The Mossbauer spectra were analysed by least-squares fitting of
the Lorentzian lines with the help of the MOSSWINN program.*!
The database of the Mossbauer Effect Data Index was used to
interpret the results.*

NMR spectroscopy

The 'Sn NMR measurements were performed at 178.03 MHz
on a 1.75T Bruker Avance NMR spectrometer (500.13 MHz 'H
frequency), in 5 mm Wilmad NMR tubes. Other experimental
details: solvent: 10% D,0/90% H,O, the deuterium signal was
used to lock the field; relaxation delay: 1 sec; sweep width:
500.5 ppm; pulse width: 1 us; temperature: 298.1 K; number of
scans: 32.

Computational methods
The complexes studied by computational methods included

[Sn(OH);]” and [SnO(OH)]", and for comparison, [Sn(H20)3]2+,
Sn(OH), and [SnO(OH),]*, respectively. Optimizations and

59.2 £ 0.2 mV/decade. The electrode performance was regularly
ss checked via calibrations using strong acid-strong base titrations in

105 frequency analyses were performed using the GAUSSIAN 09
program™ with density functional theory (DFT) at the B3LYP

2|Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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level, using SDD basis set for tin atoms and 6-31+G** for
oxygens and hydrogens.® Using more flexible basis sets for the
light atoms does not improve the calculated results. The earlier
studies of tin complexes proved the suitability of the B3LYP
method to calculate the nuclear quadrupole splitting (NQS) of
198,33 The core electron density directly determines the NQS
of the tin atom, thus the DGDZVP all electron basis set has been
applied for the heavy atom to calculate the NQS with high
accuracy. We systematically modelled solvent effects by
representing H,O as a polarizable continuum, according to the
method implemented in the PCM-SCRF (self-consistent reaction
field) procedure in the Gaussian program. In some cases
explicitly the hydration shell of these complexes was taken into
account, but the calculated properties did not change significantly
compared to the PCM method, therefore, those results are not
discussed.

X-ray absorption measurements

The X-ray absorption spectra for tin were collected at the bending
magnet beam-line Samba at the Soleil synchrotron facility, Paris,
France, which operated at 2.75 GeV and a maximum current of
400 mA. The Samba beam-line covers the energy range 4—
42 keV. The maximal flux on the sample at 10 keV was
1x10" photon/s/0.1 % bandwidth. The energy scale of the X-ray
absorption spectra were calibrated by assigning the first inflection
point of the tin K edges of metallic tin foil to 29200.0 eV.” The
spectra of the tin(II) solutions were recorded on 15 mL samples
placed in a cubic polyethylene sample holder with a tightly fitted
screw-cap. The analysis of the data was performed with the
EXAFSPAK™ and FEFF7®’ program packages allowing the
structure parameters of the
coordination around tin(II).

determination of the local

Results and discussion

Potentiometric titrations

In order to establish the composition of the predominating tin(II)
complex in hyper-alkaline aqueous solution, the OH™:tin(Il)
stoichiometric ratio of the predominating complex was
determined by potentiometric pH titrations using an H,/Pt
electrode suitable to work at aqueous hyper-alkaline condi-
tions.?”?® The total tin(Il) and hydroxide concentrations in the
titrated solution were 0.1998 and 1.4992 mol-dm™, respectively.
The titrand was 3.0825 mol-dm™ hydrochloric acid, adjusted to
4 mol-dm™ ionic strength with NaCl. A typical titration curve is
shown on Figure 1. The system was inhomogeneous from 7.60 to
20.80 ml of the added hydrochloric acid solution (grey area in
Figure 1). The inhomogeneity is caused by the precipitation of
Sn(OH), and/or hydrated SnO since they have very low solubility
in the lack of excess hydroxide. The first equivalence point is
close to that point of titration in which the OH :tin(II) ratio is 2.0
while the second one corresponds to the complete neutralization
of the excess hydroxide. Because of the inhomogeneity, only the
initial part of the titration curve (corresponding to titrant
consumption < 7.60 mL) can be evaluated. In this range, only the
excess NaOH unreacted with tin(Il) is neutralized by the added
hydrochloric acid. Consequently, the change of the observed cell
potential (E) depends on the concentration of the free hydroxide

60

65

70

which is determined by the composition of the [Sn(OH),*"

complex. The potential differences between the neighbouring
titration points (4AE) were used for the evaluation were calculated
from the Nernst-equation assuming x =3 and 4, respectively. In
this way the use of any standard electrode potential (E,) was not
necessary. As it is clearly seen in Figure 1, the calculated AFE
values almost perfectly describe the observed ones for x =3,
indicating that the maximum OH™:tin(I) stoichiometric ratio is
strictly, or at least predominantly, 3:1 at hyper alkaline
conditions. This means that the formation of [Sn(OH),]*" or its
dehydrated forms, [SnO,]* and [SnO(OH),]*, can be excluded to
be present in significant concentrations. On the other hand, the
formation of [SnO(OH)]", the dehydrated form of [Sn(OH);] ,
cannot be distinguished from each other by potentiometry.
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Fig. 1. The potentiometric titration curve of 40 ml solution containing
0.1998 M Sn(II) and 1.4992 M NaOH; titrant: 3.0825 M HCI. The grey
area shows the inhomogeneous region of the titration. Insert: the observed
and calculated potential differences for x = 3 (solid green line) and 4
(dashed red line), where x stands for [Sn(OH),]**.

FT-Raman spectroscopy

Background subtracted FT-Raman spectra of solutions with
Craon = 4.0 mol-mol™ and various amounts of tin(Il) are shown
in Figure 2. With increasing tin(II) concentration, a spectral
feature emerges at ~430 cm™! and another one, less intense, at
~490 cm™. According to literature data both are assigned to Sn-O
vibrations; a broad weak spectral feature is seen in Raman spectra
of SnO, Sn(OH), and SnO; in solid state at ~470 cm™".****

The peak at ~580 cm™ in Figure 2 is due to formation of tin(IV)
species,*™* as its intensity was found increase at the expense of
the other two peaks upon bubbling air through the solution. This
band is very intense and it causes therefore significant variations
in the Raman spectra even if only a few percent of tin(I) is
oxidised to tin(IV). This is unfortunately inevitable during
manipulating the solutions and collection the spectra. Raman
spectra of a more extended series of solutions with varying
composition were also recorded; the obtained spectral parameters
are given in Table S1. The peak positions (o) and widths
(FWHH) show only minor variations with varying solution
composition. The slight increase in o with the increasing
concentration of the base is at the edge of significance (4—
6 cm™). It is most probably associated with formation of contact
ion-pairs, as variations of Raman shifts of this magnitude have
been interpreted for other concentrated electrolyte systems in

This journal is © The Royal Society of Chemistry [year]
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terms of contact ion-pair formation.”***> The Raman parameters
obtained in media containing potassium instead of sodium are
practically identical. The height is roughly linearly proportional
to the total concentration of tin(II), Figure S1. These observations

s suggest, that there is only one tin(Il)-containing species present in
these solutions, the composition and structure of which is
independent of the concentration of the solutes.

0.025

0.020

b
b=
@

Intensity

0.010

0.005

ok Ly (! . L
500 600 700 800 900

Wavenumber / cm’’

Fig. 2.The experimental (markers) and the fitted (lines) Raman spectra of
0 the alkaline solutions with varying Cs,m)at Cnaon = 4 M.

Mossbauer spectroscopy

The '"?Sn Mossbauer spectrum consists of a slightly asymmetric

doublet, Figure3. The typical isomer shift and quadrupole

splitting are J=2.58 mm/s and 4=2.06 mm/s, respectively.
s These Mossbauer parameters are in the range of those found for
Sn(OH), (8 =2.3 - 2.95 mm/s and A =2.13 - 3.05 mm/s)*** as
well as for SnO (6=2.6 —3.4 mm/s and 4= 1.3 —2.28 mm/s) as
reported in the literature.”®*>' The Mdssbauer spectra reflect that
tin is present in a single microenvironment solely as tin(Il) in
hyper-alkaline aqueous solution. This micro environment can be
associated with the [Sn(OH);]” complex having trigonal pyramid-
dal geometry. No significant change was found in the Mdssbauer
parameters of this doublet when the concentration of tin(II) or
NaOH was changed, Table S2. Since the hyperfine interactions
detected by the Mdssbauer spectroscopy are mostly affected by
the first coordination sphere of tin, mainly the effect of oxygen
nearest neighbour environment of tin(II) can be detected in the
alkaline solutions, which remains unchanged with changing
solution composition. The A values were calculated according to
literature procedures34 for [Sn(OH);]” and [SnO(OH)]". It was
found, that the calculated A value for the [SnO(OH)]™ complex
was much larger (3.11 mm/s) than the experimentally observed
one. The calculated A value for [Sn(OH);]” was 2.62 mm/s. The
5(2.72mm/s) and A(2.26) values™ obtained for the solid

S

G

35 NaSn(OH); are also close to those found in this study, however,

the local structure of tin(I) in this compound is not established.
Based on the analogy between F~ and OH, it is remarkable, that
the A values for the MSnF; compounds (M = Na, K, Rb and Cs)*
are in the range of 1.84 —2.00 mm/s, while 4=2.15 mm/s for
SnF,;** tin(Il) has trigonal pyramidal configuration in solid
SnF,.»

o
5.39x10°

* experimental
— fitted

5.35x10°

£
£ |
3 6
8 531x10
5.27x10°
6
5.23x10° [ | | | | 1 L
-9 -6 -3 0 3 6 9
v (mm/s)

Fig. 3. ""”Sn Mossbauer spectrum of a representative frozen solution with
Csaany = 0.2 mol-dm™ and Cy,on = 4 mol-dm™, (T = 20 K).

45 "7Sn NMR spectroscopy

The '"Sn NMR spectrum of a solution containing 0.1 mol-dm™
SnCl, and 4 mol-dm™ NaOH consist of a quite sharp singlet peak
at 727 ppm relative to the also singlet peak of a solution of
0.5 mol-dm™ Sn(ClOy), in 1 mol-dm™ HCIO, This can be related

so to a single species, which is in complete agreement with the

previous observations. The exchange of the water molecules for
hydroxide ions binding to tin causes a large up-field shift. The
chemical shift did not change within the experimental error when
the tin(Il) or the hydroxide concentration was varied.

(A) (B)
727 ppm

20 10 0 10 -20 750 740 730 720 710 I 700
&5/ ppm (relative to [Sn(H,0)*")
Fig. 4. (A) The '"’Sn NMR spectrum of a solution containing
0.5 mol-dm™ Sn(Cl04), and 1 mol-dm™ HCIO,0.1 mol-dm™ SnCl, (tin(Il)
present as [Sn(H,0);]*"), and (B) and 0.1 mol-dm™ SnCl, in 4 mol-dm™
NaOH (tin(Il) present as [Sn(OH)s]"), the chemical shift is relative to the
acidic sample (A).

Quantum chemical calculations
For ab initio calculations, a 3-legged stool like (trigonal pyramid)
structure was assumed for the [Sn(OH)s;]” complex and a V-

s shaped arrangement for the [SnO(OH)]™ complex; the O-Sn-O

angle is assumed to be close to 90° in both cases. The primary
Sn-O bond lengths were found to be 2.10 A, and 1.98 and 2.13 A
for the three- and two coordinated complex, respectively. The

4|Journal Name, [year], [vol], 00—00
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Dalton Transactions

Raman spectra of these species have been calculated, Figure 5. In
the calculated spectra of both species, peaks are seen at around
430 and 490 cm™', with larger intensity corresponding to the band
at the lower wavenumber, which is in excellent agreement with
s the experimental spectra, Figure 2. The striking difference is, that
the most intense calculated peak, corresponding to [SnO(OH)]",
is found at 700 cm™', which is completely missing in the
experimental spectra (Figure 2), strongly suggesting that the
observed spectra corresponds to the three-coordinated complex

10 [Sn(OH);]".

LT [SnO(OH]l'
4 — [Sn(OH),]
Fnd
‘@
c
i}
=
|
4
H
B
‘ '
P
” " l\ ,'.'
o S ~ f)\ )
A R S 4 Sl |
0 100 200 300 400 500 600 700 800 900

Wavenumber / cm’’

Fig. 5. Calculated Raman spectra of [Sn(OH)3]™ (solid line) and
[SnOOH]" (dashed line).

X-ray absorption spectroscopy

15 The selection of an appropriate, non-interfering counter anion
was the first step during the investigation. It is convenient to
prepare tin(II) stock solutions using hydrochloric acid as the
dissolution is rapid and the solubility of SnCl, is quite high due to
the formation of chlorido complexes. The solubility of Sn(ClO,),
is significantly lower than that of SnCl,, and the dissolution of

SnO or metallic tin is much slower in perchloric than in

hydrochloric acid. It is therefore important to secure that tin(II)-

chlorido complexes are not out-competing the tin(II)-hydroxido
complexes in strong alkaline solution. As no literature data are

»s available for the tin(II)-chloride system at pH > 13, X-ray

absorption spectroscopy was applied to study whether tin(II)-

chlorido or chlorido-hydroxido mixed complexes are formed
under such conditions or not. XAS spectra of 0.1 mol-dm™ SnCl,
in 1 mol-dm™ hydrochloric acid, in 4 mol- dm™ NaOH, and in

4 mol-dm™ NaOH + 1 mol-dm™ NaCl, were compared with the

spectra of 0.1 mol-dm™ Sn(ClO,), in 1 mol-dm~perchloric acid

and in 4 mol-dm™ NaOH. The compositions of the alkaline tin(Il)
solutions prepared for the detailed study of the local structure are

given in Table 1.

35 The X-ray absorption near-edge structure (XANES) regions and
the Fourier-transform of the k’-weighted extended X-ray
absorption fine structure (EXAFS) data of the measured samples
are presented on Figure 6 (A). As the figure shows, the spectra of
the two acidic samples are clearly distinguishable in both the

2

3

40 XANES region and the Fourier transform of the EXAFS region.
In 1mol-dm™ hydrochloric acid tin(Il) is almost exclusively
present as [SnCl;]™ complexes,56 and the fitting of the EXAFS
data gave a mean Sn-Cl bond distance of 2.475(2) A a Debye-
Waller factor coefficient (6°) of 0.0098(8) A2, and a coordination

4s number (N) was set to 3, with an assumed trigonal pyramidal
geometry, which is in good agreement with relevant crystal
structures, Table S3; the fits of the EXAFS function and the
Fourier transform are shown in Figure S2. In 1 mol-dm™
perchloric acid tin(Il) is present as hydrated tin(II) ions,

so [Sn(H,0)5]**,> where N = 3 (fixed parameter), r = 2.178(5) A and
o?=0.0153(4) A%. On the contrary, the spectra of the three
alkaline samples are identical, even if a large excess of chloride
ions (1 mol-dm™) is present. This shows clearly that the presence
of chloride ions, also at high concentrations, has no effect on the

ss tin(Il) speciation as long as the free hydroxide concentration
exceeds 0.1 mol-dm™. The chloride ion can therefore be
considered as a truly non-interfering counter ion in the
experiments performed on tin(Il) in hyper-alkaline aqueous
solution.

60

(A)

WE)
FT(x (k) <K’)

05

— 0.1M SnCl,, 1M HCI
= 0.1M SnCl,, 4M NaOH

— 0.1M SnCl,, 4M NaOH, 1M NaCl
— 0.1M Sn(CIOy), 1M HCIO,

— 0.1M Sn(CIO,),, 4M NaOH

0.0
29220 29260 29300 O 1 2 3 4 5
E/eV R/A

0.0
29180

Fig. 6. The near-edge region of the Sn K-edge X-ray absorption spectra of
0.1 mol-dm™ SnCl, in 1 mol-dm™ hydrochloric acid, in 4 mol-dm“NaOH,
and in 4 mol-dm™NaOH + 1 mol-dm~NaCl, compared to the spectra of
65 0.1 mol-dm™ Sn(ClO,), in 1 mol-dm>perchloric acid and in 4 mol-dm™
NaOH (A) and the Fourier-transform of the k*>-weighted EXAFS data of
them (B)

The edge positions show that these samples contained exclusively
tin(Il), as the experimentally observed reference edge energy for

20 tin(II) in solid SnO and for tin(IV) in solid SnO, was
29207.45 and 29211.45 eV, respectively, and the edge energy of
the samples was found to be 29207.13 eV. Thus the experimental
protocol employed during the experiments was suitable to protect
the samples from aerial oxidation.

75
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Table 1 Composition of hyper-alkaline aqueous tin(II) samples studied, expressed in total molar concentrations, and the structure parameters in the
refinements of the EXAFS data collected at ambient temperature using the EXAFSPAK program package, including number of Sn-O bond distances, N,
mean Sn-O bond distance, d/A, and Debye-Waller factor coefficient, oz/Az,the threshold energy, E/eV, the amplitude reduction factor the goodness, Soz,
the goodness of fit, F/%, as expressed in the EXAFSPAK program package, ref. 38.

N=3 Sn10_2 Sn10_4 Sn10_8 Sn10_12 Sns_4 Sn15_4 Sn20_4
Craon 2 4 3 12 4 4 4
Csuan) 0.1 0.1 0.1 0.1 0.05 0.15 0.20
R 2.079(5) 2.075(8) 2.075(3) 2.077(0) 2.076(2) 2.077(9) 2.076(4)
& 0.0039(8) 0.0036(7) 0.0037(6) 0.0039(3) 0.0037(7) 0.0037(5) 0.0039(6)
E, 29225.9(3) 29225.3(2) 29225.6(3) 20226.3(3) 20225.7(4) 29225.7(2) 29225.1(0)
8.2 1.20(6) 1.17(5) 1.17(7) 1.15(9) 1.17(8) 1.15(6) 1.19(5)
F 15.6 134 18.0 18.0 142 14.6 19.9

In the following details will only be given for solution containing
Structure determination of the [Sn(OH);]” complex in hyper- 0.05 mol-dm™ tin(Il) in 4 mol-dm™ NaOH (Sn5_4), while data

alkaline aqueous solution for the remaining solutions are given in Table 1.
3s The Fourier transform of the k’-weighted EXAFS spectrum is
By combining the information obtained by the potentiometric pH given in Figure 7 (B). This Fourier transform has only a single

titrations, the FT-Raman, Mossbauer, ''’Sn NMR and K edge Sn peak related to the primary Sn-O bond distance at ~2.1 A(~1.6 A,
XANES spectroscopy studies, and the quantum chemical not phase corrected). According to this single peak, tin(Il) is

1

5

calculation of Raman spectra of the [Sn(OH);]” and [SnOOH]™ expected to have a simple local environment, and no multiple
complexes it can be beyond any doubt be stated that one single 4 scattering from the atoms in the first coordination sphere was
tin(IT) species is completely predominating in aqueous hyper- detected. This indicates low symmetry around tin(II) as expected
15 alkaline solution, [Sn(OH)] ", independent of tin(II) concentration from the trigonal pyramidal configuration of three-coordinated
and free hydroxide concentrations above 0.1 mol-dm™. This is tin(IT) complexes, Table S3. Polynuclear tin(II) complexes have
further evidenced by that all spectra of tin(Il) in Figure 7 (A) are not been detected under these conditions as no Sn---Sn pair-
superimposable, and that the local structure of tin(IT) in these 45 interactions are seen on Fourier-transform of the K-weighted
hyper-alkaline solutions is identical and independent of the total EXAFS data. Bond lengths are more accurately determined by
20 concentration of both NaOH and tin(II) within the concentration EXAFS than the corresponding coordination numbers,” but as
range covered. the other spectroscopic methods applied in this study clearly

shows the presence of only the trihydroxidostannate(Il) complex
so the coordination number has been locked to three in all

(A) refinements.
The relationship between bond distance and coordination number
1ol o8 can therefore in most cases be used to accurately estimate the
coordination number from the observed bond distance.’®” The
,.;-°'6 ss rsn.o and N values of solid O-coordinated tin(II) compounds were
';”E % collected from the Inorganic Crystal Structure Database and the
05 o4 Cambridge Crystal Structure Database,’*®! as previously done for
— 81%22{“”%28: lead(IT);*” the data are given as supplementary information,
= 818323:”; LMol 62 Table S4. The ry.o vs. N data collected for both metal ions are
— 8?233;‘:3;;%28: e shown on Figure 8. It is of utmost importance to stress that the
i R P i . spread in the Sn-O bond distances for complexes with the same
#9170 29180 26210 zézfisgzso #8270 29250 0 ! Zria’l ; coordination number and geometry is unusually large, and this is
Fig. 7. The near-edge region of the alkaline Sn K-edge X-ray absorption in particular the Caseofor N =3; the Sn-O bond lengths are in the
25 spectra of all the alkaline solutions investigated: Sn10_2, Sn10_4, range 2.066-2.185 A. This is most likely due to the

Sn10_8, Sn10_12, Sn5_4, Sn15_4, Sn20_4 (A) and the Fourier-transform 6
of the k>-weighted EXAFS data (B) of sample (Sn5_4). The acronyms
used here are defined in Table 1.

o

stereochemical impact of the occupied anti-bonding orbitals of
tin(Il), and the energy difference between occupied bonding and
anti-bonding orbitals for different ligands. It shall also be
The structure of the trihydroxidostannate(Il), [Sn(OH);]", mentioned that a mean Sn-O bond distance of 2.080 A in the
s complex has been determined in the tin(Il) and hydroxide [Sn(OH)5]” unit in the solid state has been reported.”
concentration ranges 0.05-0.20 and 2-12 mol-dm™, respectively. 7 The [Sn(OH);]" complex is assumed to have trigonal pyramidal

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00—00 |6
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geometry, with the tin(II) on the top of the pyramid as found for
the [Sn(OH);]” complex in the solid state®® and of other three-
coordinate tin(II) complexes, Table S3. During the fitting of the
EXAFS data, N was held constant (N =3), and a short bond

s length, rg,.0 =2.076 A, as well as a small Debye-Waller factor,
o® =0.0038 A%, were obtained, Table 1.

2.6 o
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ot g | | | [ B IR
2

3 4 5 6 7 8 9
Coordination Number

N
N

el L s B ) L R
M)@O

n
o

Fig 8. Summary of mean bond distances in tin(Il) and compounds (details
in Table S4, and the relationship between the Sn-O bond lengths and the
10 coordination number in various O-coordinated tin(II) compounds. The
filled symbols stand for the average values. The dashed line represents the
linear trend-line of the mean M-O bond distances as function of
coordination number.

Conclusions

15 The Sn(II):OH" ratio is unambiguously determined to 1:3 in
hyper-alkaline aqueous solution from potentiometric titrations
using H,/Pt electrode and Raman, Mossbauer and Sn K edge
XANES spectroscopic studies and ab initio quantum chemical
calculations, and that the trihydroxidostannate(Il) complex,

20 [Sn(OH);], is exclusive, or at least overwhelmingly predominant,
tin(I) species in hyper-alkaline aqueous solution. The structure
of the [Sn(OH);]” complex is most likely trigonal pyramidal (3-
legged stool) as all three-coordinate tin(II) complexes reported in
the solid state, Table S3. The Sn-O bond length in the [Sn(OH);3]”
complex has been determined by EXAFS to 2.078 A, which is on
the short side but within the range of bond distances observed for
tin(I) complexes coordinated by three oxygens, while in the
[Sn(H,0);]*" it is on the long side, 1.178 A. This shows that Sn-O
bond distance vary remarkably much within the same coordina-
tion number for different kind of oxygen donor ligands. The
presence of chloride ions, even in high concentrations, has no
effect on the speciation of the hydroxidostannte(II) complexation
in hyper-alkaline aqueous solution as proven by the XAS
measurements.
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